We have investigated the structural and magnetic properties for Co 2 (Cr 1Àx Fe x )Al (x ¼ 0:4, 0.6 and 1.0) full-Heusler alloy films deposited on MgO(001), MgO(011) and sapphire (a-plane) substrates by magnetron sputtering. Substrate temperatures were varied from ambient temperature to 773 K. The XRD patterns reveal that the Co 2 (Cr 1Àx Fe x )Al films grow epitaxially with the (001), (112), and (011) orientations on MgO(001), MgO(110) and sapphire (a-plane) substrates, respectively. The Co 2 (Cr 1Àx Fe x )Al films deposited at room temperature (RT) crystallize into the A2 structure, whereas the films deposited at 673 K showed the B2 structure. Especially, for the Co 2 FeAl (x ¼ 1) films deposited on an MgO(001) substrate at 773 K, the crystal structure is determined to be the L2 1 structure with a flat surface. The saturation magnetization of Co 2 FeAl films with the B2 and L2 1 structures exhibits almost the 5 B /f.u., whereas those of Co 2 (Cr 1Àx Fe x )Al (x ¼ 0:4, 0.6) show a reduction from the theoretical values. This reduction of the saturation magnetization might be due to the anti-ferromagnetic coupling between Cr-Cr atoms.
Introduction
Some of the Co-based full-Heusler alloys with the form of X 2 YZ (L2 1 structure) have been attracting in the field of spintronics because of their unusual band structures with a band gap at the Fermi energy (E F ) in the minority spin band. They are called half-metal ferromagnets which possess 100% spin polarization at E F . Almost spintronics devices utilize an imbalance in the number of majority and minority spin electrons at the Fermi energy. Accordingly, the half-metal is an ideal candidate for spintronic device applications, which enable us to attain the huge tunneling magnetoresistance (TMR) and the current-perpendicular-to-plane giant magnetoresistance (CPP-GMR), and the spin-polarized current injection into a semiconductor with a high efficiency.
The spin polarization in the Heusler alloys depends on their crystal structures and the degree of atomic ordering. The small amount of atomic site disorder in half-Heusler (XYZ) alloys (e.g. NiMnSb), which have a vacancy at the X position in the L2 1 structure (X 2 YZ), destroys the energy gap for the minority spin band. 1) However, it is noted that the recent first principles calculations for the full-Heusler alloys demonstrate that the half metallicity is maintained for the B2 type atomic site disorder between Y and Z atoms.
2) For example, Co 2 (Cr 1Àx Fe x )Al alloys possess a large spin polarization in a wide range of x with high disorder tolerance, 3) although X-Y or X-Z disorder, which finally forms the A2 structure, leads to the huge reduction of the spin polarization for Co 2 CrAl alloys. In fact, we have achieved relatively large tunnel magnetoresistance (TMR) ratio in magnetic tunnel junctions with a polycrystalline Co 2 (Cr 1Àx Fe x )Al alloy electrode crystallized into the B2 structure. [4] [5] [6] The sensitivity of the spin polarization to the degree of ordering has also been reported in Co 2 MnAl 7) and other full-Heusler alloys. 8, 9) A long period and high temperature annealing is needed to increase the degree of ordering for the bulk of Co 2 FeAl, 10) whereas substrate materials, deposition rate, annealing temperatures and substrate temperatures etc. should be controlled in the films in order to increase the degree of ordering while suppressing surface roughness. Although Co 2 (Cr 1Àx Fe x )Al alloy films have been prepared on single crystal substrates by some workers, the L2 1 structure has not been obtained yet for sputtering. 11, 12) In this work, we prepared Co 2 (Cr 1Àx Fe x )Al alloy films on MgO(001), MgO(110), and sapphire (a-plane) single crystal substrates by magnetron sputtering in order to increase the degree of ordering with an epitaxial growth and a flat surface by suppression of the grain growth. The crystal structures, crystal orientations and magnetic moments are investigated for the films deposited at various substrate temperatures. We obtain the epitaxial Co 2 (Cr 1Àx Fe x )Al alloy films even at RT. For Co 2 FeAl films, in particular, the L2 1 structure is attained at the deposition temperature of 773 K with a flat surface.
Experimental Procedure
Co 2 (Cr 1Àx Fe x )Al alloy films (20 nm in thickness) were deposited onto MgO(001), MgO(110) and sapphire (a-plane) single crystal substrates by magnetron sputtering in an ultrahigh vacuum (UHV) chamber. Substrate temperatures were varied from room temperature (RT) to 773 K. The films were prepared from a stoichiometric target. The base pressure was <2:0 Â 10 À7 Pa. The deposition rate of the films was $0:03 nm/s. The crystal structures were analyzed by X-ray diffraction (XRD) (Rigaku ATX-G) with the Cu-K source. The surface roughness was investigated by X-ray reflectivity measurement and atomic force microscopy (AFM). Magnetization loops of the films were measured as a function of an external magnetic field (M À H) by a vibrating sample magnetometer (LakeShore 7410) at RT and SQUID at 5 K.
Results and Discussion
The structures of the films are determined by X-ray diffraction in -2 (out-of-plane) geometry in the range of 20 to 120 [a configuration diagram is shown in Fig. 1(a) ]. Here, g means the scattering vector. Figure 2 shows XRD patterns in -2 (out-of-plane) geometry for Co 2 FeAl films deposited on (a) MgO(001), (b) MgO(110) and (c) sapphire (a-plane) single crystal substrates at various temperatures. In -2 geometry, the scattering vector is always perpendicular to the film [the scheme of the scattering geometry for the -2 is shown in Fig. 1(b) ]. For MgO(001) substrates, only the (002) and the (004) peaks of the films are visible in addition to the MgO(002) and MgO(004) peaks, indicating that the (001) oriented films were grown on an MgO(001) substrate. We also determined that the films prepared on MgO(110) and sapphire (a-plane) substrates possess (112) and (110) orientations, respectively as shown in (b) and (c) in Fig. 2 . The lattice parameters of the films deposited on MgO(001), MgO(110), and sapphire (a-plane) substrates at 773 K are determined to be 0.572, 0.571, and 0.572 nm, respectively, which are approximately the same as the bulk value of 0.573 nm. 13) Also, for the films of x ¼ 0:4 and x ¼ 0:6 the highly oriented films are also obtained.
For full-Heusler alloys with the L2 1 structure, the reflections of the XRD are of three types with structure amplitudes given by
ð1Þ
and
respectively, where f i is the average scattering factor on the i sites. 14) The B2 type disorder between Y and Z sites causes a reduction of the intensity for only odd superlattice reflections as shown in the eq. (1). On the other hand, the intensity for even superlattice reflections will decrease when Y or Z atoms substitute X sites. For the films on MgO(001) substrates, now we focus on both the superlattice peak of 002 and the fundamental peak of 004. The intensity ratio of the superlattice line to the fundamental peak (I 200 =I 400 ) provides a measure of the degree of ordering. For Co 2 FeAl films prepared on MgO(001) substrates, the I 200 =I 400 (%) intensity ratio of around 19% for the growth at 773 K is much larger than that of 8% for the growth at RT, indicating that the films possess the B2 structure and the degree of ordering for the films increases with increasing substrate temperatures. For Co 2 (Cr 0:4 Fe 0:6 )Al films, the I 200 =I 400 (%) intensity ratio increases from 13% (deposited at RT) to 26% (deposited at 673 K).
The XRD patterns in the -2 geometry [see Only the 222 peak of films is visible for the films deposited at lower temperatures than 673 K, whereas for the films deposited at 773 K an unknown peak around of 75 appeared, indicating a phase separation. The existence of the 222 peak, which is the superlattice reflection of type (2) shown above, indicates the crystallization into the B2 (or the L2 1 ) structures. However, the 111 peak does not appear because of the lack of the L2 1 structure. The unknown peak possesses the two-fold rotation symmetry as shown in the inset of Fig. 5 , indicating the appearance of the other phases with an unknown crystal structure. Although it was recently reported that a two-phase separation into the B2 and the A2 phases occurs for the bulks of Co 2 (Cr 1Àx Fe x )Al (x < 0:7), 10) the two-fold symmetry can not appear for the A2 structure, indicating the appearance of the other crystal structure (e.g. tetragonal, hexagonal). On the other hand, for MgO(001) substrates, unknown peaks were not detected even for the films deposited at 773 K.
The in-plane magnetic hysteresis curves were measured at RT for Co 2 (Cr 1Àx Fe x )Al films (x ¼ 0:6 and 1) deposited on MgO(001) and MgO(110) at 673 K as shown in Fig. 6 In summary, the epitaxial growth of Co 2 (Cr 1Àx Fe x )Al films (x ¼ 0:4, 0.6 and 1) on various single crystal substrates has been investigated. We succeeded to prepare the epitaxial Co 2 (Cr 1Àx Fe x )Al films with the different crystal orientations. Especially, the flat Co 2 FeAl films with L2 1 structure are obtained for the deposition on MgO(001) substrates at 773 K. The epitaxial Co 2 FeAl films have a saturation magnetization of about 1.2 Wb/m 2 at RT, independent on the degrees of ordering. On the other hand, for Co 2 (Cr 0:4 Fe 0:6 )Al films, the saturation magnetization increases with increasing substrate temperatures up to 673 K and is obtained 0.87 Wb/m 2 at a maximum which is 88% of the theoretical value. The L2 1 structure obtained for the Co 2 FeAl film, in particular, may lead to the large TMR for magnetic tunnel junctions, which is now undertaken. 
